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Abstract 
The movements of the keyhole and the weld pool at deep penetration solid-state laser welding can be analyzed by 
observing either the optical process emissions, or directly the work piece surface using camera systems in the visual 
range. In this paper, the welding process of zinc-coated steel sheets is monitored. The geometry and behaviour of 
weld pool and capillary are calculated from the acquired camera images, they are compared with the one-
dimensional optical process emissions, and analyzed in the time- and frequency-domain. This helps to better 
understand the uncontrolled process behaviour, especially regarding the destructive influence of the evaporating 
zinc-layer. 
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1. Introduction 
Due to its excellent anti-corrosion characteristics galvanized steel is mainly used in industry to produce long-
lasting and sustainable products. Concerning the increasing demand for individual constructions and designs, reams 
of different parts are individually assembled to complex structures. To connect these parts in a net shape engineered 
way, a flexible joining process is required which does not cause time-consuming post processing steps. In the 
automotive industry, for example, finishing processes like varnishing must be directly applicable upon the joining 
zone of the galvanized parts. 
In this context, the laser beam welding is gaining more and more importance. Using this technology it is possible 
to firmly bond the materials together, resulting in a high stability with a comparatively low weight of the product. 
Further more, no additional material is required and small flanges can be realized. On the one hand the application 
of the laser beam welding process is supported by the development of new laser beam sources and beam guiding 
systems which offer the possibility to increase the overall productivity. On the other hand, it is supported by 
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scientific research work with the aim to understand, improve and control the process behaviour at laser welding. 
During the welding process of zinc-coated steel sheets, the protective zinc-layer begins to vaporize at 
temperatures (1180 K) which are lower than the melting point of the base material itself (approx. 1809 K). This 
leads to an increase of gaseous pressure at the interaction zone between the laser beam and the material. If the 
vapour is enabled to expand, the welding process is not affected significantly. In contrast to this, if the vapour is 
trapped between two metal sheets without the possibility to exhaust laterally (e. g. overlap-joint welding with 
technical zero-gap), this can lead to an ejection of liquid melt and defects like spatters, pores or blowholes, remain in 
the weld seam. Different studies were performed at this topic, describing the welding process experimentally [1] or 
theoretically [2]. This can help either to improve the initial design of the process, or to develop closed-loop process 
controls, which adaptively react on fast changes during the process behaviour with the aim to ensure a defect-free 
quality of the final product. 
Up to now, the most common method for online-monitoring of the welding process is to detect its optical 
emissions. In this case it has to be regarded that dynamic sub-processes at laser beam welding such as a variation of 
the plasma intensity, a change of the keyhole size, or even a keyhole collapse, occur with frequencies up to 5 kHz. 
Therefore, the detectors need to have a temporal resolution of at least 10 kHz. In this context, photodiodes offer a 
cheap and easy to use solution to monitor the process emissions from the ultra-violet to the infrared spectral range. 
Unfortunately, they suffer the disadvantage of not having a spatial resolution, but only detecting integral values of 
the light collected. This leads to the application of high-speed cameras operating in the visible range, as they are an 
integral part of many commercially available monitoring systems. These systems evaluate the process emissions 
detected according to pre-defined thresholds concerning maximum or minimum values of their intensity. At the 
moment, these camera-based monitoring systems are limited to a temporal resolution of approx. 1.5 kHz [3] and can 
not enable a closed-loop process control. A closed-loop process control to avoid incomplete penetration during the 
welding process using an on-axis camera system at a frame rate of 14 kHz at linear welds was recently implemented 
by the IFSW in Stuttgart [4].  
On the way to future systems which adaptively enable a fully automated closed-loop process control, a suitable 
approach is to combine the advantages of both detectors (diode and camera), to extract as much information as 
possible from the welding process. The aim of this paper is to investigate correlations in the detected signals of one-
dimensional, diode-based and two-dimensional, camera-based observation strategies. The main focus is on 
analysing the process emissions in the time- and frequency-domain, providing sufficient spatial and temporal 
resolution. The process behaviour is studied at stable welding conditions as well as at unstable conditions, resulting 
in the generation of defects. 
2. Fundamentals and experimental setup 
In this paper, the process mechanisms are studied especially at solid-state laser welding, CO2 laser welding will 
not be regarded. This has to be taken into account concerning the energy transfer from the laser to the work piece, 
for mechanisms like plasma absorption or plasma shielding do not significantly influence the welding process. 
Compared to high power CO2 laser welding only a weakly ionized metal vapor (approx. 5% [5]) exists within and 
above the capillary. The main mechanism to transfer the laser power to the work piece is multiple-absorption at the 
keyhole walls. Superposing this with a certain feed rate at the generation of linear welds, the keyhole starts to 
decline and the laser beam mostly hits the front part of the keyhole. This results in a melting and vaporization of the 
material causing a metal vapor stream perpendicular to the surface. This mechanism is depicted in Fig. 1.  
In the left image of Fig. 1, the initial condition is shown with the vapor stream not affecting the rear keyhole wall 
in a negative way. In the right image, the vapor pressure rises and exceeds the counter pressure of the liquid border 
(consisting of hydrostatic phst and hydrodynamic phyd pressure) and the surface tension (psurface tension) of the keyhole. 
In this case, the vapor pressure is the superposition of the ablation pressure pabl and the pressure of the gas stream 
ǻpgas. This leads to an enlargement of the capillary dimensions in the feeding direction. Due to this, the weld pool is 
pushed backwards, which can cause weld seam defects due to expelled molten steel. The governing equations for 
the shape of the keyhole and the fluid flow within the melt pool have been described at several studies. A 
subsumption can been found in the works of Dowden and Hügel [2, 6]. The equilibrium of pressures tending to open 
or to close the keyhole determine the diameter in dependency of the process parameters like the energy input per 
unit length. Since the process parameters do not remain stable during the welding process, the keyhole diameter, as 
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well as the weld pool, oscillates with discrete frequencies [7]. Klein et al. assumed the keyhole to oscillate in a 
radial, axial and azimuthal direction. This can be used to detect changes in the process behaviour. Selecting the 
frequency spectra to indicate changes of the process behavior during the joining step was suggested by Haran et al., 
who constructed a sensor to display an alarm signal, if the peak-frequency of the keyhole changes to values above a 
predefined level [8]. In the case of welding galvanized steel, the keyhole is dominated by two main types of 
oscillation, one in the feeding direction, the other in the direction of the incident laser beam. If the process is 
disturbed by an excessive amount of vapor pressure, primarily generated by the evaporating zinc layer in between 
the joining partners, the oscillation is influenced and defects may occur [9, 10].  
 
 
 
 
 
 
 
 
 
 
Fig. 1. Interaction of laser beam and work piece at deep penetration laser welding. Left: initial condition; Right: Raise of vapor pressure 
The results from the studies performed in this paper are calculated from the signals of a process monitoring 
device, consisting of several photodiodes (Si-based detectors) and a high-speed-camera (Phantom V5.1, Vision 
Research Inc.). As laser source, a Yb:YAG disc laser with a peak power of 4 kW at 1030 nm wavelength, a scanning 
optic and a beam diameter on the work piece surface of 600 μm is used. A sketch of the system setup is shown in 
Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic system setup 
Several examples for the analysis of the optical process emissions in the time- and frequency-domain dealing 
with the laser beam welding of galvanized steel sheets have already been published. A comprehensive summary of 
the work can be found in [11]. For the following analysis a parameter set with a laser power of 3600 W, a feed rate 
of 6 m/min and a total sheet thickness of 1.3 mm is used. In Fig. 3 the schematic evaluation method is depicted, to 
correlate the optical process emissions with the movement of the keyhole and the welding process.  
Comparing the results calculated from several welding processes, it is evident that the optical emissions in the 
visual range are mainly influenced by two effects. One is the movement of the rear keyhole wall, the other are 
waves, traveling downwards the keyhole. This effect was earlier reported in [10]. Using image processing steps the 
area of the keyhole and the liquid area of the weld pool can be identified, which enables a calculation of their 
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dimensions as well as their behavior in the time- and frequency domain. Fig. 4 shows the processing steps briefly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 2D-camera image (left) and 1D-data of the optical process emissions (right) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Image processing and calculation of the geometry (area, width, length) of keyhole and weld pool 
3. Results and discussion 
As a next step, the processed data is analyzed according to the dimension of the keyhole in x-direction (feeding 
direction) and in y-direction. Changes of the keyhole and weld pool geometry are calculated during the first 1000 ms 
of the welding process, which is represented by a data of 10000 video images. An exemplary result of the keyhole 
area and its oscillations is depicted in Fig. 5. In the left image, the area of the keyhole vs. the welding time is shown. 
At the first approx. 150 μs, no keyhole could be identified. This is because of its small inclination and the 
uncompleted opening into the direction of the incident laser beam (no full penetration). In this context one has to 
consider the observation angle of the camera, which has to be chosen suitable to the process conditions, especially 
the inclination angle of the keyhole. In the experiments the observation angle (approx. 60°) was optimized regarding 
the feed rate, the laser power and the thickness of the material. An increasing feed rate would require a decreasing 
observation angle to avoid shadowing effects of the base material and the weld pool.  
Regarding the keyhole as soon as it has itself stabilized, fluctuations of its area up to 600% can be noticed. At 
welding processes with a joining gap or without evaporating coatings, the fluctuations can be monitored to be almost 
       y 
 
x 
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a decade lower. Detailed analysis of the signal reveal a periodical movement of the keyhole area, with dominant 
cycles in the range of 5-20 ms and 50-100 ms. These cycles correspond to defects generated during the welding 
process. If a defect is tending to occur, the area of the keyhole changes dramatically. In this case, there are two main 
mechanisms existing. The first can be recognized by a fast decrease of the keyhole area, the second by an increase of 
the area to a value above approx. 300% of its normal size. In the first case, zinc tries to escape through the weld pool 
and forces the liquid melt into the direction of the open keyhole. In the second case, the zinc-jet affects the rear 
keyhole wall and elongates the capillary. If the zinc-jet decreases, the balance of pressure at the keyhole wall, as 
shown in Fig. 1, is disturbed again. The pressure of the weld pool exceeds the counter pressure of the vaporizing 
material and the vapor within the keyhole, leading to a collapse of the capillary.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Left: Calculated area of the keyhole in the time-domain; Right: Frequency-domain of the keyhole movement 
On the right side of Fig. 5, a dotted circle is shown. This circle represents frequencies, caused by the movement 
of the rear keyhole wall. In this case, the initial force for the elongation is the zinc-jet from the front keyhole wall, 
which is directed towards the rear wall and the liquid area [10, 12]. Similar results are obtained by analyzing the 
keyhole length. In contrast to this, the keyhole width almost remains constant. This can be seen in Fig. 6, especially 
regarding the different scaling of the y-axes (“Amplitude”) in the diagrams. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Calculated frequency of the keyhole oscillation. Left: Keyhole width; Right: Keyhole length 
Only a slow movement of the rear part of the keyhole, if modeled with an elliptical shape, from the left to the 
right side can be observed in the video images. However, this movement does not contain frequencies higher than 
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approx. 50 Hz. Analyzing the area of the liquid weld pool reveals slow oscillations of the liquid melt, too. This can 
be explained on the one hand due to the inertia of the liquid steel, and on the other hand due to the coupling between 
the keyhole and the weld pool. Fig. 7 depicts the variation of the weld pool size in the frequency domain. Because of 
the majority of the oscillations in the lower Hz-range, the scaling of the y-axis (“Amplitude”) is chosen to be 
logarithmic. The dotted area represents the range of the dominant, low-frequency oscillations. 
The other frequencies in Fig. 5, marked with arrows, can not be so easily assigned to specific movements. At the 
moment they are supposed to be the superposition of irregular movements of the keyhole. As it can be seen in Fig. 4, 
the keyhole shape can not always be regarded as round or elliptical. This irregular movement contains also 
frequencies between 1500 Hz and 2500 Hz, which were discovered to be frequencies of waves travelling 
downwards the front keyhole wall. This was experimentally discovered by Semak et al. [13, 14] and confirmed by 
the simulations of Koch et al. [15, 16]. These waves can not be observed by monitoring the welding process from 
the front. In this case, other directions (e. g. sideways) have to be chosen. Concerning the mechanisms from Fig. 1, 
the waves are causing an inconstant ablation rate and therefore a variation of the vapor pressure hitting the rear 
keyhole wall. 
If the frequency spectra of the process emissions acquired by the photodiodes and the calculated spectra from the 
high-speed-videos are compared, some differences concerning the intensities of the frequencies can be noticed. In 
the 1D-signal, higher amplitudes at the frequencies of approx. 200 Hz, 550 Hz, 700 Hz, 950 and 1700 Hz occur. 
These frequencies can also be found in the calculated spectra from the video images, but with different intensities. 
As example, the frequency of 1700 Hz can be directly related to the keyhole area in Fig. 5 (right). In the optical 
process emissions in Fig. 3, the signal at this frequency range is not clearly visible. This is assumed to be due to the 
photodiode detecting a signal which contains a lower signal-to-noise ratio compared to the calculated ones. 
Nevertheless, all the frequencies detected in the 1D-emissions can also be identified in the movements of the 
keyhole and the weld pool. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Frequency spectra of the weld pool 
4. Summary and conclusions 
If the frequencies of the optical process emissions, detected by photodiodes (see Fig. 3) are compared with the 
frequencies of the weld pool and the keyhole (Fig. 5, 6, 7), calculated from camera images, similarities can be 
identified. Observing the movement of the liquid weld pool, especially frequencies in the range of some Hertz up to 
some hundred Hertz can be detected. These waves are also of an inconstant nature and are significantly affected by 
the defects, generated due to evaporating zinc. 
Using a combined observation method, consisting of 1D- and 2D-detectors, it is possible to directly analyze the 
process behavior. Especially the generation of defects can be predicted. To do this, the shape of the keyhole has to 
be calculated in real-time, and tendencies of its behavior (fast increase or decrease) have to be marked. If the data of 
both detectors is concerned, with this setup, a first step toward a combined closed-loop real-time process control can 
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be done. 
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